Two modes of killing of Escherichia coli K-12 by hydrogen peroxide can be distinguished. Mode-one killing was maximal with hydrogen peroxide at a concentration of 1 to 2 mM. At higher concentrations the killing rate was approximately half maximal and was independent of H202 concentration but first order with respect to exposure time. Mode-one killing required active metabolism during the H202 challenge, and it resulted in sfiA-independent filamentation of both cells which survived and those which were killed by the challenge. This mode of killing was enhanced in xth, polA, recA, and recB strains and was accelerated in all strains by an unidentified, anoxia-induced cell function. A strain carrying both xth and recA mutations appeared to undergo spontaneous mode-one killing only under aerobic conditions. Mode-one killing appeared to result from DNA damage which normally occurs at a low, nonlethal level during aerobic growth. Mode-two killing occurred at higher doses of H202 and exhibited a multihit dependense on both H202 concentration and exposure time. Mode-two killing did not require active metabolism, and killed cells did not filament, although survivors demonstrated a dose-dependent growth lag. Strains with DNA-repair defects were not especially susceptible to mode-two killing.
Active oxygen species may be produced by incomplete reduction of 02 during respiration; such species are potent oxidants of lipids, proteins, and nucleic acids (13) . It has been proposed that rates of age-related deterioration of function in higher organisms correlate with rates of respiration (1) . In bacteria, oxidative stresses mediated by exogenous hydrogen peroxide (20, 22) , superoxide (15, 26) , or hyperbaric oxygen (14) can be lethal or mutagenic.
Escherichia coli produces scavengers of activated oxygen species, including catalase, superoxide dismutase, and peroxidase. Certain mutants which are defective in catalase and peroxidase are oxygen intolerant (H. M. Hassan, Fed. Proc. 35:130, 1976 ), but they can become oxygen tolerant with the acquisition of additional mutations which diminish respiration rates (H. M. Hassan, Fed. Proc. 35:130, 1976 ). Mutations in recA (7), polA (2), or xth (12) confer hypersensitivity to H202; furthermore, some polA (3) and polA recB (27) strains are intolerant of aerobiosis. These observations suggest that oxidative respiration might pose a threat to DNA and that DNA repair processes are critical in protecting against respiration-borne DNA-damaging agents.
Inducible responses to oxidative stress in enterobacteria (11, 33) result in a diminished sensitivity to oxidative challenge. These responses are accompanied by an increased titer of scavenging enzymes; it is not known, however, whether an increase in repair capacity also ensues. In fact, the specific killing lesions in wild-type cells are unknown. This paper reports some of the phenomenology of killing of E. coli K-12 by H202 and suggests that DNA is the site of lethal damage at lower concentrations of the agent.
MATERIALS AND METHODS
Bacterial strains are listed in Table 1 . Hydrogen peroxide was purchased as a 30% aqueous solution from Mallinckrodt; chloramphenicol and tetracycline were from Sigma Chemical * Corresponding author.
Co.; beef-liver catalase was a 20-mg/ml, 65,000-U/mg suspension from Boehringer-Mannheim Biochemicals.
Unless otherwise indicated, liquid cultures were in K medium (1% glucose, 1% Casamino Acids, 1 ptg of thiamine hydrochloride per ml, 1 mM MgSO4-7H20, 0.1 mM CaCI2, M9 salts [24] ). Anoxic growth was achieved by incubation of 4 x 107 to 8 x 107 CFU/ml in 10-ml cultures in 30-ml test tubes with 150 rpm of shaking in a New Brunswick model G76 shaking water bath. Aerated growth was by a similar incubation of dilute ('107 CFU/ml) cells or by incubation of denser 10-ml cultures in 125-ml Erlenmeyer flasks with 195 rpm of shaking. Oxygen concentrations were measured with an Orion Research model 97-08 oxygen electrode.
Unless otherwise noted, cells were challenged with H202 at a density of 1 x 107 to 4 x 107 CFU/ml in 1 ml of K medium for 15 min at 37°C with 150 rpm of shaking. To study killing, the challenge was terminated either by dilution into M9 salts or by the addition of 2 ,ug of catalase. Cells were plated in top agar onto L agar plates (1% bactotryptone, 0.5% yeast extract, 1% NaCl, 0.1% glucose, 2.5 mM CaCl2, 1% agar), and colonies were counted after 24 to 48 h. To study postchallenge cell growth or division, H202 was eliminated by the addition of catalase. For pretreatment, H202 was added (final concentration, 30 ,uM) to 2 x 107 CFU of aerated cells per ml, and aeration was continued for 70 min before the challenge. Cell filamentation in liquid K medium or on the surface of plates was visualized by light microscopy.
Anaerobic growth on plates was by incubation in a GasPak vessel (BBL Microbiology Systems), and P1-mediated transduction of the recA56 allele was done as described previously (9) .
Phage inactivation assays were done as described previously (11); briefly, phage were treated with 7.5 mM H202 in the presence of 10 ,uM CUSO4 and then used to infect log-phase cultures at a multiplicity of infection of 10-5. The rates of inactivation were linear and were calculated by a TABLE 1. Strains used in this study Genotype F-thr-l leuB6 proA2 his-4 thi-J argE2 lacYl galK2 rpsL supE44 ara-14 xyl-15 mtl-l tsx-33
As AB1157 plus xth-l z.(xthA-pncA) relAl spoT-I thi-J F-gal his thi endA As JC4583 plus recA56 Su-recB21 trpE9829 leu his-318 str-321 lac Bl1 As AB1157 plus recB21 recC22 sbcBJ5 Hfr P045 srlC300::TnJO recA56 thr-30 ilv-318 rpsE300 As BW9091 plus sr/C300::TnJO recA56 As AB1157 plus sr/C300::TnlO recA56 As BW9091 plus sr/C300::TnJO As AB1157 plus sr/C300::TnJO F+ A(gal-bio) thi-J relAl spoTI As CM4722 plus polAJ TnlO As CM4722 plus ApolA Kanr F-rha lacZ thyA deo polAJ (W3110 origin) Prototrophic K-12 strain As TA4131 plus oxyR2 btuB::TnJO araD139 (argF-/ac)205flbB5301 non-9 gyrA219 relAl rpsLO5 metE70 As RK4936 plus Aoxy-3 As AB1157 plus nth::Tn5 F-endA thyA deoA or B gal xyl thi As AB3049 plus uvrA6 As AB3049 plus uvrB5 As AB3049 plus uvrC34 As AB1157 plus ut'rD::Tn5 HfrH thi rep-5 lac trp pho supC(Ts) str mal As SC122 plus htpR thr leu his ura str tif tsl sfiA::Tn5 Fig. 1A . The broad shoulder of resistance was a function of total exposure to H202 (H202 concentration x time) at concentrations up to at least 100 mM. The slight dip in survival below 5 mM H202 is reproducible and is discussed in detail below.
In contrast to DNA-repair-proficient cells, strain BW9091 (xth), which lacks exonuclease III, exhibited unusual survival behavior under these challenge conditions (Fig. 1A ). An extreme sensitivity to H202 at concentrations below 3 mM was partly reversed at moderate concentrations, and this intermediate survival level was ultimately exceeded at high H202 concentrations. A simple description of this response would define two regions of killing with an intervening zone of partial resistance; the exonuclease deficiency would exacerbate only the first region of killing. Killing at the lower concentrations of H202 will be designated modeone killing, whereas killing occurring at the higher, postshoulder concentrations will be designated mode-two killing. As noted below, these two modes of killing each have distinct characteristics.
Survival curves of the recA strain, JC4588, closely resemble those of the xth strain ( Fig. 1A and B) . The heightened susceptibility of this strain to mode-one killing is likely due to the deficiency in recombinational DNA repair rather than to the absence of other recA-mediated functions, because a recB strain was also rapidly killed (Fig. 1B) . Consistent with this conjecture, an sbcB mutation in a recB recC strain, which restores recombination by activation of the recF pathway (16) , abolished the special sensitivity of the recB mutant (Fig. iB) .
polAl strains, which lack the polymerase and 3'--5' exonuclease activities of DNA polymerase I, were extremely sensitive to H202 under these challenge conditions (Fig. 1A) . This sensitivity resulted from a greatly increased rate of mode-one killing, the kinetics of which could only be observed with very short exposures (Fig. 1C) . Thus, the loss of exonuclease III, DNA polymerase I, or DNA recombination ability confers vulnerability to mode-one killing.
Other strains with abnormal DNA repair functions were indistinguishable from repair-proficient strains with regard to both modes of H202 killing. These include strains carrying mutations in uvrA, uvrB, or uvrC loci, which collectively encode the uvrABC endonuclease; uvrD and rep, which code for DNA helicases; htpR, which codes for a regulator of the heat-shock response; and, surprisingly, nth, which codes for endonuclease III, a thymine glycol-urea glycosylase and AP endonuclease.
An obvious question is whether the reduced sensitivity at intermediate H202 concentrations is dependent upon the concentration of H202 or upon the total exposure (concentration of H202 times duration of exposure). To answer this question, time courses of killing were monitored at H202 concentrations between 0.15 and 25 mM H202 (Fig. 2) . In all cases the rate of killing was initially first order with respect to time. At the lower concentrations the rate of killing eventually subsided, possibly due to detoxification of the medium by cellular catalase. Significantly, at longer times there was no increased survival which could be analogous to Strain   AB1157  BW9091  BW9101  JC4583  JC4588  JC4695  JC7623  JC10240  JI100  JI101  J1102  J1103  CM4722  CM5409  CJ261  JG138  TA4131  TA4110  RK4936  TA4112  RPC37  AB3049  NH4905  AB3062  NH5132  GW3703  PM5  SC122  K165  GC4540 J. BACTERIOL. Fig. 2 were observed for mode-one killing of recombination-deficient cells and, despite a significant reduction of mode-one killing-rate constants, for the low-level mode-one killing of DNA-repairproficient AB1157 cells (data not shown).
Anoxia induces sensitivity to mode-one killing. Mode-one killing of both repair-deficient and repair-proficient strains can be markedly amplified by prechallenge cell growth in anoxic medium. Under conditions of minimal agitation, cell cultures abruptly exhausted measurable dissolved oxygen as they reached densities of 1 x 107 to 5 x 107 CFU/ml. Within 45 min of oxygen depletion, the sensitivity of the repairproficient AB1157 bacteria to mode-one killing by H202 increased by more than an order of magnitude (Fig. 3) , while vulnerability to mode-two killing increased only marginally if at all. All cells were diluted into aerated medium for the challenge in these experiments, ensuring that oxygen tension and cell density were invariant among samples during the challenge procedure. Similar sensitivity occurred, however, when the challenge or subsequent plating was performed in the absence of oxygen.
Anoxic enhancement of cell death was also observed with xth cells (Fig. 3) , as well as with recA and recB mutants (data not shown). Detailed analysis of the killing rates shows that the two sensitizing factors, anoxia and DNA repair deficiency, had multiplicative (synergistic) rather than additive effects upon the rates of killing.
A reversal of the anoxic sensitization to H202 could be accomplished by cell dilution into oxygen-saturated medium and subsequent aeration (Fig. 4A ). Under these conditions resistance to mode-one killing was largely achieved within 30 min. Remnarkably, this reversal was not blocked by the presence of the inhibitor of protein synthesis, chloramphenicol (Fig. 4A) . The sensitization which ensued upon shifting well-aerated cells to low-oxygen conditions was inhibited by chloramphenicol, however (Fig. 4B) . Taken together, these experiments showed that anoxia resulted in the synthesis of proteins that enhanced H202-mediated DNA damage.
Only actively metabolizing cells are subject to mode-one killing. Mode-one killing exhibited an apparent requirement for metabolic activity during the challenge. xth, recA, recB, and polAl strains and anoxic repair-proficient cells were exempted from mode-one killing when they were held in M9 salts for 80 min before being challenged. Mode Mode-one killing of starved xth cells could be immediately restored by the addition of glucose with the H202 (Fig. 5) Survivors of H202 exposure displayed two phases of recovery. A growth lag was initially seen which was linearly dependent upon H202 concentration and time of exposure; it was observed to extend to at least 7 h in cells exposed to 60 mM H202 for 15 min. The growth lag was followed by a period of filamentation of about 90 min. As with the initial rate of mode-one killing (Fig. 2, inset) Effect of the oxyR regulon on the two killing modes. E. coli (11) and Salmonella typhimurium (33) demonstrate inducible resistance toward H202-mediated killing. In E. coli, both modes of killing fell within the domain of this protective effect; the sensitivity to mode-one killing was reduced, and the shoulder of resistance to mode-two death was broadened (Fig. 7A) . Resistance could be induced by H202 concentrations ranging from 30 to 500 ,uM; this protective effect could be seen within 15 (12) after activation of the oxyR regulon (unpublished data).
A deletion of the oxyR locus results in a strain that is deficient in the enhanced synthesis of many H202-inducible proteins (8) . The deletion mutant retained the aerationassociated resistance to mode-one killing, as-well as the peculiarly lowered sensitivity to mode-one killing at intermediate H202 concentrations (data not shown). These observations, in agreement with those from the chloramphenicol experiments cited above, confirm that oxyR is uninvolved in these resistance phenomena.
Christman et al. also observed that this deletion strain is sensitive to peroxide in simple disk inhibition assays; we found, however, that it was only slightly more sensitive than its parent to aerobic liquid-culture challenge (Fig. 7B) , implying that the oxyR gene product is not Anoxically grown AB1157 was challenged immediately (0), after 45 min of anoxic growth in 100 ,ug of chloramphenicol per ml (A), after dilution and 45 min of subsequent aeration (0), or after dilution and 45 min of aeration in 100 ,ug of chloramphenicol per ml (x). (B) Aerated AB1157 was shifted to anoxic growth conditions as described in Materials and Methods and incubated anoxically in the presence (x) or absence (0) of 100 ±g of chloramphenicol for 45 min before challenge. As a control, anoxically grown AB1157 was incubated anoxically in 100 p.g of chloramphenicol per ml for 45 min before challenge (A).
preexposure to exogenous H202. The disk inhibition procedure may produce a more notable phenotype because it confronts bacteria with a temporal gradient of H202, which may in turn allow induced expression of the oxyR regulon in normal strains. In any case, deletion of the oxyR locus did fully prevent any induced resistance by pretreatment (Fig.  7B) .
Reactivation of H202-treated phage correlates with DNA polymerase I proficiency. The ability of a host cell to be successfully infected by damaged phage is one criterion used to measure DNA repair capacity. When phage inactivation with H202 was mediated by the cupric cation, inactivation was first order with regard to exposure time, indicating that a single hit might suffice to inactivate the phage. Comparison of inactivation rates of P1 and phages showed the proportionality of inactivation rate with genome size that is expected from inactivation via DNA damage. However, we did not observe any significant differences in host-cell reactivation ability between cells grown with and without inducing pretreatment and between cells that are constitutive and normal in oxyR expression. Such a result does not entirely rule out the possibility that oxyR mediates an induction of DNA repair functions, however, as phage DNA lesions might not be identical to those generated intracellularly by H202, and, moreover, such lesions might not be accessible to repair enzymes. Phage inactivation rates might also be insensitive to quantitative adjustments in DNA repair capacity, especially since it is unlikely that a single phage genome quantitatively taxes the entire DNA repair capacity of the cell.
Strains JC4588 (recA) and BW9091 (xth), while sensitive to killing by H202, exhibited normal phage reactivation. However, inactivation measured in the polAl hosts CM5409 and JG138 occurred at a rate twice that in other hosts; thus, phage DNA damaged by H202 is subject to a type of DNA repair that is mediated by DNA polymerase I.
DISCUSSION
Anoxic and DNA-repair-deficient cells were particularly susceptible to mode-one killing by H202. Mode-two killing was prominent in aerated, repair-proficient cells and occurs at higher H202 concentrations. These two modes of killing are distinguishable by their kinetics, requirements for active metabolism, and postchallenge growth behavior.
Mode-two killing has been observed frequently in response to both H202 treatment and near-UV irradiation. The critical lesion has not been identified; however, many cellular targets of chemical oxidants exist, including lipids, proteins, and nucleic acids, and all suffer some damage at doses which give moderate levels of mode-two killing (18) . The broadly shouldered killing curve may indicate gradual titration of a tolerance for damage, due either to inactivation of multiple targets or to saturation of some repair capacity.
Sensitivity to mode-two killing can be modified in several ways. Killing curves for slow-growing strains display a broadened shoulder, as does the killing curve of any strain exposed to extended prechallenge starvation or cyanide. Sensitivity to mode-two killing can also be lessened by H202-mediated induction of the oxyR regulon, due at least in part to the induction of increased levels of scavenging enzymes (8) . Indeed, coincubation of naive cells with induced cells during challenge allowed sharing of the resistance, presumably by medium detoxification (unpublished data).
To our knowledge, mode-one death has not previously been explicitly defined. The approximately zero-order dependence of cell death upon H202 concentration in modeone killing is consistent with saturation by H202 of some step in the damage-producing pathway. Such a step would not be involved in production of mode-two killing lesions, since the rate of production of the latter lesions is proportional to H202 concentration to at least 100 mM. An obvious possibility is that mode-one damage is internal, mode-two damage is external, and transport is limiting for the former. Objections to this model include the report (31) radical, an unstable species which mediates DNA in vitro strand breaking and thymine adduct formation (4, 19, 30) . This hydroxyl radical may act directly or indirectly to produce mode-one killing. Starvation would then deplete the cell of available reducing equivalents, thus preventing the production of toxic damage. The addition of glucose would replenish these equivalents and restore mode-one killing.
The enzymatic machinery responsible for this putative univalent reduction of H202 is unknown. However, such machinery may be enhanced under conditions of anoxia, resulting in the chloramphenicol-sensitive increase in sensitivity to mode-one killing. If the responsible anoxia-induced enzyme(s) can be identified, the validity of the activation model may be tested.
It is established that components for alternative respirative pathways are synthesized in response to conditions of low oxygen concentration (17) , including pathways which utilize nitrate, fumarate, or nitrite as terminal electron acceptors; moreover, a secondary oxygen-reductive chain is also induced (32) . Low residual activities of these systems have been reported under incubation conditions which approximate our fully aerated cultures, so slight mode-one sensitivity under those conditions might even be ascribable to their low-level function. Experiments are underway to test these possibilities.
At H202 concentrations above 1.25 mM, the mode-one killing rate was lessened by a factor of two; this effect is an important parameter in the determination of viability. It appears that this protective effect occurred by adjustment of the production, rather than the resolution, of lesions. Per- haps the amount of the toxic species was reduced at high concentrations of H202, either because it was directly quenched or because its production was suppressed. For example, hydroxyl (or other) radicals might be quenched directly by hydrogen peroxide with the concomitant formation of superoxide anion. Superoxide anion could be a less toxic species either because of its greater chemical stability or because of its vulnerability to scavenging by superoxide dismutase. The rate of generation of superoxide anion by this model would be limited by the original reduction of H202, which would be saturated above 1 mM. Alternatively, the univalent reduction of H202 might be partially suppressed by diversion of electrons to another process, for example, to the divalent reduction of H202 by a peroxidase function. These models can be genetically tested.
The oxygen-intolerant phenotype of the recA xth double mutant demonstrates the importance of the H202 survival studies. Culturing in atmospheric oxygen is sufficient to block colony formation and induce filamentation, an indication that mode-one killing damage can be generated under routine conditions of aerobic growth. Similar filamentous behavior has been reported under aerobic but not anaerobic conditions for several other DNA repair mutants, including a polA 5'-33' exo(Ts) mutant (3) and a polAl recB double mutant (27) . The toxic agents present during aerobic growth may be partially reduced oxygen species escaping from the respiration pathway. We hope that our studies with H202 toxicity will ultimately help to identify the particular damaging agents mediated by aerobiosis, the mechanism of their formation, and their sites of action.
